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ABSTRACT
We present the results of a study to discover prospective new white dwarf-L dwarf
binaries as identified by their near-infrared excesses in the UKIDSS catalogue. We
obtained optical spectra to validate the white dwarf nature for 22 of the candidate
primary stars, confirming ten as white dwarfs and determining their effective temper-
atures and gravities. For all ten white dwarfs we determined that the near-infrared
excess was indeed indicative of a cool companion. Six of these are suggestive of late M
dwarf companions, and three are candidate L dwarf companions, with one straddling
the M−L boundary. We also present near-infrared spectra of eight additional candidate
white dwarf-ultracool dwarf binaries where the white dwarf primary had been previ-
ously confirmed. These spectra indicate one candidate at the M−L boundary, three
potential L dwarf companions, and one suspected M dwarf, which showed photometric
variability on a ∼6 hour period, suggesting the system may be close. Radial velocity
follow up is required to confirm whether these systems are close, or widely separated.
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1 INTRODUCTION
The ’brown dwarf desert’ is the phenomenon where there
exists a paucity of brown dwarfs orbiting within three AU
of a main sequence star (Marcy & Butler 2000; Grether &
Lineweaver 2006; Metchev & Hillenbrand 2009; Troup et al.
2016). A study by Grether & Lineweaver (2006) found two
brown dwarfs from a sample of 514 stars with a companion
within 10 AU. More recently Triaud et al. (2017) found a
single brown dwarf within 0.2 AU from a sample of 261 FGK
stars. This implies a brown dwarf companion rate of <1 per
cent which is consistent with the previous estimates from
Marcy & Butler (2000) and Sahlmann et al. (2011). To date
there are 23 brown dwarfs known to transit main sequence
stars with orbits within 10 AU (Carmichael et al. 2020).
The evolved form of these particular binaries - a close
white dwarf - brown dwarf (WD-BD) system - are even rarer,
? E-mail: mah63@le.ac.uk
as the brown dwarf must survive the death of the host star
(Green et al. 2000; Farihi et al. 2005; Hoard et al. 2007;
Steele et al. 2011; Girven et al. 2011). However, despite their
scarcity, WD-BD binaries can offer insights into the survival
of a substellar object through the common envelope phase of
close binary evolution, as well as providing benchmarks for
the study of irradiated atmospheres (e.g. Steele et al. 2013b;
Casewell et al. 2015; Longstaff et al. 2017; Tan & Showman
2020).
The most commonly used method for finding these bina-
ries is to use large catalogues of spectroscopically confirmed
white dwarfs and search for a photometric near-infrared ex-
cess, indicating a brown dwarf companion. This method
makes use of the fact that the white dwarf is bright in the op-
tical wavelengths, while the much cooler brown dwarf com-
panion emits most of its flux in the near- and mid-infrared.
The use of a white dwarf to find a brown dwarf compan-
ion in this way was first attempted by Probst & O’Connell
(1982) and Probst (1983) and was successfully used to find
© 2019 The Authors
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the candidate WD-BD binary GD165 by Becklin & Zucker-
man (1988) where the secondary was later confirmed to have
a spectral type of L4 by Kirkpatrick et al. (1999a). Further
observations of GD165 put this object on the boundary be-
tween a very low mass star and a brown dwarf (Kirkpatrick
et al. 1999b).
Large area optical sky surveys such as the Sloan Digital
Sky Survey (SDSS: Abazajian et al. 2009) have catalogued
hundreds of thousands of white dwarfs (e.g. Kleinman et al.
2013; Kepler et al. 2015, 2016; Gentile Fusillo et al. 2019)
which, when combined with near-infrared surveys such as
the UKIRT Infrared Deep Sky Survey, (UKIDSS: Lawrence
et al. 2007) can be searched for brown dwarf companions
(e.g. Steele et al. 2011; Girven et al. 2011; Verbeek et al.
2014; Rebassa-Mansergas et al. 2013). The frequency of
white dwarfs with brown dwarf companions is only ≈ 0.5− 2
per cent (Green et al. 2000; Farihi et al. 2005; Hoard et al.
2007; Steele et al. 2011; Girven et al. 2011). Gaia DR2
gives data for 486,641 candidate white dwarfs with an es-
timated 85 per cent completeness to 20th magnitude (Gaia
Collaboration 2018; Gentile Fusillo et al. 2019) potentially
leading to the discovery of ∼ 2000–9500 new WD-BD sys-
tems (Casewell 2014). There are however, only 9 currently
known close, detached, WD-BD binaries (Farihi & Christo-
pher 2004; Maxted et al. 2006; Casewell et al. 2012; Beuer-
mann et al. 2013; Steele et al. 2013a; Farihi et al. 2017;
Parsons et al. 2017; Casewell et al. 2018).
In this paper, we present the results of a study of 30 ob-
jects identified by Girven et al. (2011), Steele et al. (2011),
and Verbeek et al. (2014) as potential WD-BD binaries, all
suggested to have L type secondaries.
We describe our optical spectroscopy, reduction, white dwarf
fitting in Sections 2, 3, and the near-infrared (NIR) spec-
troscopy and photometric excesses in Section 4. We give re-
sults on specific interesting objects in Section 5, and discuss
our results in 6. All additional figures detailing our results
are in the Appendix.
2 OBSERVATIONS AND DATA REDUCTION
Steele et al. (2011) searched for new WD-BD binaries by
looking for an infrared excess in the spectral energy distri-
bution (SED) of spectroscopically confirmed white dwarfs,
while Girven et al. (2011) and Verbeek et al. (2014) searched
for previously unidentified white dwarfs, identified by their
optical broadband colours, which also appeared to have an
infrared excess. Girven et al. (2011) used SDSS photometry
(Abazajian et al. 2009) to find hydrogen atmosphere (DA)
white dwarf candidates and then cross correlated these ob-
jects with the UKIDSS Large Area Survey (Lawrence et al.
2007) to determine if the target had a NIR excess indicative
of a brown dwarf companion. The authors also identified ≈ 1
per cent of their targets as likely having an excess that could
be attributed to a dusty debris disk. Of the original data set
of approximately 25 000 objects, a subset of 153 objects were
found with a candidate brown dwarf companion or disk.
We selected all previously unobserved candidate sys-
tems from Girven et al. (2011), Steele et al. (2011) and
Verbeek et al. (2014) where the photometry indicated the
secondary was a very low mass star or brown dwarf as indi-
cated by an estimated spectral type of L0 or later in those
papers. We obtained optical spectroscopy of systems where
the white dwarf was not previously confirmed, and used a
grid of pure hydrogen models to determine their effective
temperatures and log g. For systems with confirmed white
dwarf primaries we obtained NIR spectroscopy to confirm
the NIR excess was real and approximate the spectral
type of the secondary star in the binary. Our sample is
described in Table 1 for the white dwarf candidates that
are photometrically identified, and Table 2 for the known
white dwarfs.
2.1 OSIRIS
We used the Optical System for Imaging and low-
Intermediate-Resolution Integrated Spectroscopy (OSIRIS:
Cepa 2009) instrument on the Gran Telescopio Canarias
(GTC) on La Palma, to observe the 22 unconfirmed white
dwarfs in the candidate WD-BD systems. The observa-
tions took place in 2015 (GTC5-15A: Lodieu) and 2017
(GTCMULTIPLE2-17A: Lodieu) using the R1000B grating,
a 1.2 arcsecond slit with 2×2 binning which covered a wave-
length range of 3630–7500A˚ and resolution of 1018. Each
object was observed with three sub-integrations of 100-300
seconds depending on target brightness which were then av-
eraged to remove cosmic rays. We also took a spectropho-
tometric standard star observation for each target, and a
mercury arc lamp observation for each target and standard.
Table 3 details the dates and exposure times of the ob-
servations.
We reduced the spectra of these objects using the stan-
dard iraf (Tody 1993) routines for long slit spectra. Each
observation was bias corrected and flat-fielded before the
spectrum was extracted. We used the arc lamp observation
to wavelength correct the observations, and observations of
the standard stars Hiltner 600, GD153, Feige 66 and Ross
640 to remove the instrument response and to flux calibrate
the data. All are well used standard stars with V magnitudes
between 10.0 and 14.0, and typical errors of 0.05 mags. The
dominant error on the flux calibration, apart from the V
magnitude error is due to differences in airmass between the
standard star and target which was a maximum of 0.15aˆA˘I˙.
Once the data were reduced, we inspected each spec-
trum to identify objects in our sample that were clearly
not white dwarfs or hot subdwarfs. Of the 22 white
dwarf candidates we find that UVEX J191001.10+055542.5
and UVEX J204856.21+444455.0 are emission line ob-
jects, and SDSS J211715.88−001548.0 is a hot main se-
quence star. Of the eight targets we observed in the
NIR, the data for SDSS J101049.48+040722.50 (S/N∼5) and
SDSS J101607.45+002027.04 (S/N∼5) were not of sufficient
quality to classify the companion.
2.2 GNIRS
We also observed eight previously known white dwarfs with
infrared excesses indicative of an L dwarf companion (see
Table 2) from Steele et al. (2011) and Girven et al. (2011).
We selected the brightest objects with photometry sugges-
tive of an L dwarf companion (as recorded in those papers)
and obtained NIR spectra with Gemini North and the cross-
dispersed spectrograph GNIRS (Elias et al. 2006) as part of
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Table 1. Literature values, estimated via photometric fitting, for the white dwarf and brown dwarf companion for the systems with
non-spectroscopically confirmed white dwarfs. The references are: 1: Girven et al. (2011), 2: Luo et al. (2016), and 3: Kepler et al. (2015)
4: Verbeek et al. (2014) 5: Kepler et al. (2016)
Name RA
(hh:mm:ss)
Dec (◦: ′: ′′) Star Teff (K) log g Companion Ref
SDSS J010405.12+145906.4 01:04:05.12 +14:59:07.2 DA 12 000 7.75 >L5 1
SDSS J074231.98+285727.3 07:42:31.98 +28:57:27.3 DA 9 000 7.25 L6 1
SDSS J092534.99−014046.8 09:25:34.99 −01:40:46.8 DA 14 000 7.50 >L0 1
SDSS J095952.01+033032.7 09:59:52.01 +03:30:32.80 UV/Sd 32 000 8.00 L0 1
SdB 36,640 5.152 L0 2
SDSS J103844.58+110053.5 10:38:44.59 +11:00:53.55 - 10 000 7.75 L4 1
SDSS J133412.83+053415.1 13:34:12.83 +05:34:15.1 DA 30 000 - >L8 1
SDSS J152704.26+080236.4 15:27:04.27 +08:02:36.50 - 20 000 9.50 >L8 1
DAZ 29 560 5.00 - 3
SDSS J153818.86+064438.6 15:38:18.86 +06:44:38.6 DA 10 000 7.25 >L5 1
SDSS J154806.89+000639.4 15:48:06.89 +00:06:39.4 DA 14 000 8.50 >L5−6 1
SDSS J154922.92+032548.6 15:49:22.92 +03:25:48.6 DA 13 000 7.25 >L5 1
SDSS J155128.45−011826.8 15:51:28.45 −01:18:26.7 DA 13 000 8.25 >L8 1
SDSS J161431.96+223545.0 16:14:31.95 +22:35:45.0 DA 20 000 8.5 >L6 1
UVEX J184610.80+022032.4 18:46:10.80 +02:20:32.44 DA 14 000 - L2 4
UVEX J185941.43+013954.0 18:59:41.43 +01:39:53.93 DA 13 000 - L7 4
UVEX J191001.10+055542.5 19:10:01.08 +05:55:42.29 DA 20 000 - L5 4
2MASS J20265915+4116436 20:26:59.18 +41:16:43.87 DA 17 000 - L3 4
UVEX J204229.67+384058.0 20:42:29.68 +38:40:57.95 DA 16 000 - L2 4
SDSS J204235.73+005555.8 20:42:35.73 +00:55:55.8 DA 28 000 - >L8 1
UVEX J204856.21+444455.0 20:48:56.21 +44:44:54.98 DA 16 000 - L7 4
SDSS J204922.57−000134.7 20:49:22.57 +00:01:34.7 DA 16 000 8.75 >L8 1
UGPS J210248.46+475058.6 21:02:48.44 +47:50:58.73 DA 8 000 - L5 4
SDSS J211715.88−001548.0 21:17:15.88 −00:15:48.0 DA 12 000 - >L8 1
SdB 24 204 4.968 - 5
Table 2. The eight targets for the GNIRS NIR observations and their literature parameters The companion type is estimated from a fit
to the photometric excess in the near-IR. The references are 1: Eisenstein et al. (2006), 2: Steele et al. (2011), 3: Girven et al. (2011), 4:
Kepler et al. (2015), 5: Gaia Collaboration (2018).
Name Teff(K) Log g Star WD mass (M) Distance (pc) Companion Type Ref
SDSS J075132.52+200216.94 16749 ±62 8.05 ±0.04 DBA 0.54±0.02 223+8−8 L5 3,4, 5
SDSS J090759.59+053638.13 19474 ±293 7.82 ±0.05 DA 0.54±0.02 323 +26−22 L4,L6 1,2,3, 5
SDSS 095042.31+011506.56 21785 ±365 7.89 ±0.06 DA 0.49±0.02 321 +66−47 L8 1,3, 5
SDSS 100300.08+093940.16 22331 ±435 7.87 ±0.06 DA 0.57±0.03 413 +97−66 L0 1, 2, 3, 5
SDSS J101049.48+040722.50 13588 ±668 7.76 ±0.11 DA 0.48±0.05 275 +24−21 L8 1, 3, 5
SDSS J101532.30+042447.66 34526 ±86 7.38 ±0.07 DA 0.41±0.02 792 +173−121 L4 1, 3, 5
SDSS J101607.45+002027.04 21045 ±703 8.48 ±0.12 DA 0.92±0.07 359 +87−59 L6 1, 3, 5
SDSS 103736.57+013905.11 16300 ±221 7.73 ±0.05 DA 0.49±0.02 358 +30−26 M7,L5 1, 2, 3, 5
programme GN-2017A-Q-52 (PI: Debes). We used the short
camera with the 1.0” slit providing a resolution of ≈500 over
the whole 8 000–25 000A˚ spectrum. We nodded the obser-
vations with the standard 3” nod throw and 300 s expo-
sures taken at each nod point and combined them at the re-
duction stage. The observations were taken in service mode
over 18 nights with three hours of observations for each tar-
get, with the exception of SDSS J100300.08+093940.1622331
which was observed for four hours.
These data were reduced using spextool v4.1 (Cushing
et al. 2004) which had been adapted for use with GNIRS by
K. Allers (K. Allers, private comm.) and telluric corrected
using xtellcorr (Vacca et al. 2003).
The spectrum of SDSS J101532.30+042447.66 has
S/N∼10, similar to that of most of the other objects. How-
ever, as the white dwarf in this candidate binary has a high
effective temperature (∼ 34 000 K) and the suspected com-
panion is a mid-L dwarf, the data were not of high enough
S/N to determine between a lone white dwarf and a white
dwarf + mid-L dwarf.
2.3 Photometry
For two objects we also obtained optical photometry in a
white light filter using the SAAO 1 m telescope with the
Sutherland High-speed Optical Camera (SHOC; Coppejans
et al. 2013) camera. We observed SDSS 095042.31+011506.5
for 2.5 hrs using 30 s exposures on the night of 2019 Feb
04 and observed SDSS J090759.59+053638.13 for 3 hrs using
180 s exposures on the night of 2019 Feb 04. The lightcurves
MNRAS 000, 1–14 (2019)
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Table 3. Target name, date of observation, and exposure time for
the 22 unconfirmed white dwarfs (above horizontal line) observed
with OSIRIS in the optical and eight confirmed white dwarfs ob-
served with GNIRS in the NIR (below line).
Name Date Airmass Exposure
time (s)
SDSS J010405.12+145906.4 2017-06-19 1.74 1150
SDSS J074231.98+285727.3 2015-03-17 1.21 900
SDSS J092534.99−014046.8 2017-03-04 1.19 1050
SDSS J095952.01+033032.7 2015-03-17 1.11 900
SDSS J103844.58+110053.5 2015-05-19 1.21 900
SDSS J133412.83+053415.1 2017-03-04 1.21 900
SDSS J152704.26+080236.4 2015-03-18 1.07 900
SDSS J153818.86+064438.6 2017-03-04 1.09 600
SDSS J154806.89+000639.4 2017-04-01 1.14 1000
SDSS J154922.92+032548.6 2017-03-31 1.19 240
SDSS J155128.45−011826.8 2017-03-31 1.26 240
SDSS J161431.96+223545.0 2017-03-30 1.04 900
UVEX J184610.80+022032.4 2015-05-19 1.26 900
UVEX J185941.43+013954.0 2015-05-19 1.16 900
UVEX J191001.10+055542.5 2015-05-19 1.09 800
2MASS J20265915+4116436 2015-05-27 1.03 900
UVEX J204229.67+384058.0 2015-06-24 1.12 900
SDSS J204235.73+005555.8 2017-04-24 1.55 1000
UVEX J204856.21+444455.0 2015-06-15 1.06 900
SDSS J204922.57−000134.7 2017-04-23 1.49 900
UGPS J210248.46+475058.6 2015-06-23 1.06 900
SDSS J211715.88−001548.0 2017-05-03 1.45 240
SDSS J075132.52+200216.94 2017-01-11 1.63 10 x 300
SDSS J090759.59+053638.13 2017-01-12 1.04 16 x 300
SDSS 095042.31+011506.56 2017-01-15 1.36 8 x 300
SDSS 100300.08+093940.16 2017-01-16 1.11 20 x 300
SDSS J101049.48+040722.50 2017-02-24 1.04 8 x 300
SDSS J101532.30+042447.66 2017-03-19 1.05 8 x 300
SDSS J101607.45+002027.04 2017-01-15 1.12 24 x 300
SDSS 103736.57+013905.11 2017-04-05 1.11 10 x 300
from SHOC were reduced using the standard procedures.
Bias frames were median combined and subtracted from the
image frames, and twilight flats were taken, median com-
bined and then each individual science image was divided
by the combined flat. Photometry was then performed on
the target and comparison stars using the starlink package
autophotom. Apertures were fixed at twice the mean see-
ing (FWHM; Naylor 1998) to minimise the impact of back-
ground noise. A clipped mean of the pixels in an annulus
around the stars determined the sky background and errors
was calculated from the variance in the background sky.
The lightcurve of the targets was then divided by a com-
parison star to remove atmospheric fluctuations (e.g. from
changing airmass). One object, SDSS J103736.57+013905.11
(EPIC251457064) was also observed by the Kepler K2 mis-
sion with long cadence data. The K2 lightcurve was nor-
malised and flagged points (such as those affected by cosmic
ray hits) were removed, resulting in a lightcurve with 3566
data points.
3 WHITE DWARF PARAMETERS
In order to measure the effective temperatures and gravities
of the 19 white dwarf candidates, we created a grid of 1D
model atmospheres with effective temperatures ranging from
10 000 K to 40 000 K in steps of 1 000 K and log g between
4.25 and 8.00 in steps of 0.25 dex using the 1D non-LTE
model atmosphere code tlusty (Hubeny 1988; Hubeny &
Lanz 1995; Hubeny & Lanz 2017). We then generated syn-
thetic spectra from these model atmospheres using synspec
(Hubeny & Lanz 2011). The hydrogen absorption profiles
for the models were calculated using the Stark broadening
treatment described in Tremblay & Bergeron (2009).
We used the fitsb2 software (Napiwotzki et al. 2004)
to fit the effective temperature and surface gravity of each
object as was done by Casewell et al. (2009). fitsb2 finds
the best fit values of log g and temperature through χ2 min-
imisation using a downhill simplex algorithm, uncertainties
are found the via bootstrap method. fitsb2 fits the individ-
ual Balmer absorption lines from Hβ to H8, having retained
a small amount of continuum each side of the line, with the
model grid, clipping points from the spectra that were more
than 3σ from the model to improve the fit in subsequent
iterations of the fitting process. Our results of the fitting are
in Table 4. It should be noted that at effective temperatures
greater than 12 000 K, as we measure here, there is good
agreement between these 1D models, and more complex 3D
models such as those of Tremblay et al. (2011a). The 3D
models are needed for low temperature white dwarfs to cor-
rectly models the high log g bump caused by the mixing
length creating convective overshoot. The errors given here
are formal fitting errors and are likely to be an underestimate
as they do not take into account the systematic uncertain-
ties related to the instrument or reduction. Tremblay et al.
(2011b) find that systematic data reduction errors and un-
certainties in the physics of models give errors on the order
of a few percent. We therefore use the errors as suggested by
Napiwotzki, Green & Saffer (1999) of 2.3 per cent in Teff and
0.07 change in log g in the following analysis. These results
show that of the 19 white dwarf candidates, ten objects are
DA white dwarfs and nine are hot subdwarfs, the expected
main source of contamination for this sample.
Once we had identified a white dwarf candidate as a
hot subdwarf by a low gravity measurement, we then deter-
mined their stellar parameters using the same fitting rou-
tines as for the white dwarfs and appropriate model grids
for the different classes of hot subdwarfs as described in
Geier et al. (2015). The hydrogen-rich and helium-poor (log
(n(He)/n(H)) < aˆ´LSˇ1.0) stars with effective temperatures
below 30 000 K were fitted using a of grid of metal line blan-
keted LTE atmospheres with solar metallicity. The helium-
poor stars with temperatures ranging from 30 000 K to
40 000 K were analysed using LTE models with enhanced
metal line blanketing (O’Toole & Heber 2006). Metal-free
NLTE models (Stroeer et al. 2007) were then used for
hydrogen-rich stars with Teff <40 000 K showing moderate
He-enrichment (log (n(He)/n(H)) from 0.0 to −1.0) and for
hydrogen-rich sdOs. Finally, the He-sdOs were analysed with
NLTE models taking into account the line-blanketing caused
by nitrogen and carbon (Hirsch & Heber 2009). These results
are in Table 4.
Hot subdwarfs are thought to form from the interac-
tion of a giant branch star with a binary companion (Geier
et al. 2011b). However, due to their brightness and having an
SED similar to that of a black body and the absence of a dis-
tance measurement, they are often found as contamination
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in searches for white dwarfs. These hot subdwarf systems are
confirmed by their low log g (< 6.00), and large Gaia dis-
tance (>1000 pc). As hot subdwarfs are thought to evolve
through a common envelope phase it is not a surprise there
are hot subdwarfs known with brown dwarf companions (e.g.
Geier et al. 2011a; Schaffenroth et al. 2015). However, con-
firming a low mass companion to a hot subdwarf through
an infrared excess is extremely challenging due to the low
luminosity of the brown dwarf (even in the infrared) com-
pared to that of the hot subdwarf at this distance. As these
objects do show an infrared excess compared to a blackbody
at the subdwarf’s effective temperature, this could be due
to a reflection effect from a low mass companion. While we
do not discuss the hot subdwarfs further within this work,
lightcurves of these objects would show if they are part of a
close binary system.
4 SEARCHING FOR A NIR EXCESS
To confirm the presence of a cool companion to the DA white
dwarfs now we have a measurement of effective tempera-
ture and log g we followed the method used in Steele et al.
(2011) and Casewell et al. (2017) of combining a tlusty and
synspec DA white dwarf synthetic spectrum with ultracool
dwarf template spectra of M4–L7 from the (SpeX Prism Li-
brary: Rayner et al. 2009), Burgasser et al. (2004), Burgasser
et al. (2008) and Bochanski et al. (2007). We added the mod-
els to the template spectra by setting them both to 10 pc and
using absolute magnitudes from Dupuy & Liu (2012) for the
ultracool dwarf and Holberg & Bergeron (2006) for the white
dwarf. It should be noted SDSS J075132.52+200216.9416749
is a DBA white dwarf, and so we used an appropriate model
from Koester & Kepler (2015) which was fitted to the SDSS
spectrum.
We then repeated the analysis done by Girven et al.
(2011) and Verbeek et al. (2014).
We refined the flux calibration of the white dwarf spec-
tra, by fitting a polynomial to the continuum of the spec-
trum and dividing the spectra by this polynomial to nor-
malise the spectrum to 1. We then multiplied by a black-
body spectrum of the appropriate effective temperature for
the white dwarf. We then took the catalogue broadband pho-
tometry from 3500–25 000A˚ (ugrizJHK) and normalised our
best fitting white dwarf model and the white dwarf spec-
trum (from OSIRIS for the newly confirmed white dwarfs,
and from SDSS for the previously identified white dwarfs)
to the r band.
For the five systems where we had NIR GNIRS spectra,
we stitched the optical and NIR spectra together to create a
continuous spectrum. We then compared our spectra to the
ugrizJHK broad band photometry and the combined WD-
ultracool dwarf template spectra. The errors on the absolute
magnitudes for the NIR spectra can be ≈0.2–0.3 which is
larger than the errors from reddening corrections which are
on the order of a few percent. The results of both the spectra
and photometric fitting can be seen in Figures B1 to B9
and are summarised in Table 5 with the comparison to the
literature values.
To compare our results with the scenario where there is
no secondary present at all, we calculated the residuals from
subtracting the model the white dwarf alone, from the spec-
tra. To do the same for the photometry, we created synthetic
flux for each filter by convolving the white dwarf model with
the relevant filter response profile. These residuals are shown
on each figure as well as the residuals for the best fitting
model. As can be seen in each case, the residuals in the NIR
are more than 3 sigma from the white dwarf model, showing
that the suggested companion is more likely to be real than
a lone white dwarf.
To determine if there was a possibility that the photo-
metric NIR excesses seen at these white dwarfs could be due
to background contamination, e.g. from a red background
galaxy, we searched the WISE catalogue for a detection in
W1 or W2. We did not detect any of our sources. Both Steele
et al. (2011) and Girven et al. (2011) added flags into their
searches to eliminate objects that were elliptical (indicating
a galaxy) or had a point spread function not indicative of a
star, and so we are confident we have been able to discount
any of these excesses being due to a red background galaxy.
5 RESULTS
In our sample of 22 previously unconfirmed white dwarfs
we spectroscopically confirm the white dwarf as the pri-
mary in ten of them. When we compare the NIR photom-
etry for these ten white dwarfs to combined white dwarf-
ultracool dwarf models we find three sources where the
NIR photometry is consistent with an L dwarf compan-
ion, six which broadly match a M dwarf companion and
one (UGPS 210248.46+475058.6) which straddles the M-L
boundary. Of the eight objects observed with GNIRS the
spectrum indicates three L dwarf companions, one M dwarf
companion and one (SDSS J100300.08+093940.16) which
straddles the M-L boundary.
Our results show that each of these systems has
either a SED which broadly matches a cool companion,
or suspected photometric candidate cool companion -
which is either an M or L dwarf. We are however, with
one exception (SDSS J103736.57+013905.11), unable to
confirm if these systems are in a close post-common
envelope binary or a wider, but still unresolvable, system.
There are three systems in our dataset with two epochs
of K band magnitudes from UKIDSS. These systems;
UVEX J184610.80+022032.4, UVEX J185941.43+013954.0
and UVEX J204229.67+384058.0 all show some possible
variability in the K band.
We know M dwarfs and L dwarfs can be variable due to
spots, magnetic activity, clouds etc (Lee et al. 2010; Gould-
ing et al. 2012; Radigan et al. 2014; Buenzli et al. 2014; Vos
et al. 2018) and the aˆA˘IJvariabilityaˆA˘I˙ we see could be due
to this rather than a reflection effect. A reflection effect is
caused when a cooler star or brown dwarf is heated by a
hotter, close companion, and is only seen in close binaries.
In the case of systems with 2 K band measurements, while
they do differ, the errors overlap so we cannot decisively con-
firm they are variable. Longer monitoring would be needed
to test whether the photometry is truly variable in these
systems.
We present the results of specific interesting systems
below.
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Table 4. Our results for Teff and log g using fitsb2 for the ten newly confirmed DA white dwarfs and nine hot subdwarfs. We have also
included the masses and cooling times of the white dwarfs using values from the Montre´al white dwarf database (Dufour et al. 2017) and
the log He/H abundances for the hot subdwarfs.
Name Teff(K) Log g Mass (M) Radius (R) Tcool (Myr) Star
SDSS J010405.12+145906.4 18 257 ±1200 7.52 ±0.20 0.369 ±0.083 0.0176 ± 2.2 × 10−3 54 ±7 DA
SDSS J074231.98+285727.3 31 926 ±300 7.21 ±0.07 0.403 ±0.023 0.0187 ± 9 × 10−4 18 ±1 DA
SDSS J092534.99−014046.8 15 035 ±300 8.08 ±0.07 0.637 ±0.043 0.0121 ± 6 × 10−4 237 ±42 DA
SDSS J103844.58+110053.5 30 223 ±500 7.45 ±0.11 0.399 ±0.039 0.0186 ± 1.5 × 10−3 20 ±2 DA
SDSS J154806.89+000639.4 17 203 ±500 8.01 ±0.07 0.594 ±0.046 0.0127 ± 6 × 10−4 127 ±13 DA
UVEX J184610.80+022032.4 30 007 ±300 7.47 ±0.06 0.399 ±0.020 0.0186 ± 9 × 10−4 12 ±1 DA
UVEX J185941.43+013954.0 32 155 ±300 7.39 ±0.06 0.404 ±0.019 0.0187 ± 8 × 10−4 17 ±1 DA
2MASS J20265915+4116436 31 194 ±200 7.51 ±0.05 0.403 ±0.016 0.0186 ± 6 × 10−4 18 ±1 DA
UVEX J204229.67+384058.0 33 718 ±200 7.41 ±0.05 0.409 ±0.021 0.0188 ± 6 × 10−4 16 ±1 DA
UGPS J210248.46+475058.6 17 553 ±400 7.95 ±0.06 0.564 ±0.037 0.0132 ± 5 × 10−4 111 ±7 DA
Name Teff(K) Log g Log He/H Star
SDSS J095952.01+033032.7 34 300 ±800 5.45 ±0.08 −2.5 ± 0.2 SdOB
SDSS J133412.83+053415.1 41 747 ±700 6.13 ±0.17 −0.56 ± 0.14 He-SdOB
SDSS J152704.26+080236.4 33 700 ±700 6.00 ±0.20 −2.8 ± 0.3 SdB
SDSS J153818.86+064438.6 16 272 ±500 4.39 ±0.08 <-3.0 BHB
SDSS J154922.92+032548.6 16 805 ±500 4.49 ±0.07 <-3.0 BHB
SDSS J155128.45−011826.8 19 738 ±1000 5.01 ±0.15 −2.34 ±0.44 SdB
SDSS J161431.96+223545.0 28 464 ±7800 5.59 ±0.09 −2.60 ± 0.24 SdB
SDSS J204235.73+005555.8 37 412 ±1900 5.54 ±0.32 −0.11 ± 0.18 He-SdOB
SDSS J204922.57−000134.7 21 229 ±1700 5.52 ±0.19 −1.87 ± 0.16 SdB
5.1 SDSS J075132.16+200226.8
Kepler et al. (2015) classified the white dwarf in this sys-
tem as a DBA - although helium dominated, hydrogen is
also present in the atmosphere of the white dwarf. Koester
& Kepler (2015) fitted the SDSS spectrum and determined
[H/He]=−5.17±0.25. We used this model from Koester &
Kepler (2015) to model the white dwarf, and create com-
bined white dwarf-L dwarf models. We determine the most
likely spectral type of the secondary is L3-L4 (See Fig 1).
If the L dwarf companion is in a close binary - it must
not be close enough to cause accretion via a wind. In the
weakly interacting binary NLTT5306AB the predicted up-
per limit to the accretion was found to be 2×10−15 Myr−1
(Longstaff et al. 2019). This is much higher than the typical
accretion rate of interstellar hydrogen assumed by Koester
& Kepler (2015) of 10−19 Myr−1. Koester & Kepler (2015)
go on to predict that DBA stars accreting at this rate will
become DA white dwarfs in as little as 105 years. It is there-
fore, much more likely that this is a wide system and that the
ultracool dwarf has lost very little mass, if any, to the white
dwarf progenitor during the common envelope phase and
that the hydrogen present in the atmosphere of the white
dwarf is a residual thin layer from its previous evolution. A
higher resolution spectrum than the SDSS optical spectrum
shown in Fig 1 would allow more accurate abundances to be
measured from the absorption features, and once a measure
of the separation is obtained an accretion rate could be ac-
curately calculated as was done for DAZ-M dwarf pairs in
Debes (2006).
5.2 SDSS J090759.59+053638.13
SDSS J090759.59+053638.13 is a white dwarf with a GNIRS
spectrum that suggests a mid-L dwarf companion (Figure
2). We searched for periodicity in the 3 hr SHOC lightcurve
using Lomb-Scargle (LS; Lomb 1976; Scargle 1982) and dis-
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Figure 1. Optical (SDSS) and GNIRS NIR spectra of
SDSS J075132.16+200226.8 (S/N∼13) shown with the DBA white
dwarf model, and combined white dwarf+L2, white dwarf+L3
and white dwarf+L4 template spectra. The SDSS and UKIDSS
photometry is also shown. Both the GNIRS spectrum and the
photometric excess suggests a spectral type between L3 and L4.
The residuals shown are for the fit to a WD model alone (black
squares), and the combined WD-L2 dwarf template spectrum
(green squares).
crete Fourier transform periodograms using the periodogram
software packages Vartools (Hartman & Bakos 2016) and
Period04 (Lenz & Breger 2005). The lightcurve observed
showed no variability indicative of a reflection effect or an
eclipse. Binning the data to 12 minutes still did not produce
any discernible reflection effect. It may be that if this binary
is close, then it has a longer period than the 3 hrs we ob-
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Figure 2. Optical (SDSS) and GNIRS NIR spectra of
SDSS J090759.59+053638.13 (S/N∼9) shown with the DA white
dwarf model, and combined white dwarf+L5, white dwarf+L6
and white dwarf+L7 templates. The SDSS and UKIDSS pho-
tometry is also shown. The expected companion spectral type is
between L5 and L7 based on the GNIRS spectrum. The residuals
shown are for the fit to a WD model alone (black squares), and
the combined WD-L6 dwarf template spectrum (green squares).
served, or alternatively, we may be viewing the binary at an
unfavourable inclination angle that would be required to dis-
cern a large effect. More photometric data is needed before
any conclusions can be drawn about this binary, although
the primnary mass of 0.54M would suggest that the system
is simply wide enough for no common envelope evolution to
have occurred.
5.3 SDSS 095042.31+011506.5
The white dwarf in this binary has an effective tempera-
ture of ≈22 000 K, and the secondary in the system has an
estimated spectral type of L4 (Figure 4). We searched for
periodicity in the 2.5 hr SHOC lightcurve using the same
method as for SDSS J090759.59+053638.13. A most likely
period was identified of 0.082±0.006 days (≈ 118 min) with
period uncertainties determined using the bootstrap resam-
pling (with replacement) methodology detailed in Lawrie
et al. 2013. To determine the likelihood that the variability
was due to statistical variation the peak power of Lomb Scar-
gle (LS) spectrum was compared to a 1000 random sample
lightcurves with the same mean, errors and time intervals.
A false alarm probability was determined from the number
of these random samples where the power of the LS spec-
trum exceeded that determined from the lightcurve. For the
SHOC lightcurve a false alarm probability of 0.002 (0.2%)
was determined. The phase folded and binned lightcurve is
shown in Figure 3 and the variability of 0.009±0.006 per cent
can clearly be seen. This amplitude of ≈1 per cent is sim-
ilar to that seen in WD0137−349AB, which is consistent -
SDSS 095042.31+011506.5A is hotter than WD0137−349AB,
but this binary has a slightly longer period. The data are
however quite noisy, forming a broad peak in the LS pe-
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Figure 3. SAAO lightcurve of SDSS 095042.31+011506.5, binned
to two per cent and phase folded on the period of ∼ 118 min
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Figure 4. Optical (SDSS) and GNIRS NIR spectra of
SDSS 095042.31+011506.56 (S/N∼10) shown with the DA white
dwarf model, and combined white dwarf+L3, white dwarf+L4
and white dwarf+L6 templates. The SDSS and UKIDSS photom-
etry is also shown. The GNIRS spectrum indicates the companion
broadly matches a spectral type of L4. The residuals shown are
for the fit to a WD model alone (black squares), and the combined
WD-L4 dwarf template spectrum (green squares).
riodogram indicating additional photometry is required to
confirm this period.
5.4 SDSS J103736.57+013905.11
The NIR spectrum of SDSS J103736.57+013905.11 shows the
secondary in this system is consistent with an M dwarf as
predicted by Steele et al. (2011) and is likely of spectral type
M8-M9 (Figure 5). We searched for periodicity in the Kepler
K2 lightcurve and determined the most likely period was
0.25976±0.00003 days (≈ 6.2 hrs) with period uncertainties
again determined using the bootstrap resampling method.
The phase folded and binned lightcurve is shown in Figure 6
and the variability of 0.41±0.02 per cent can clearly be seen.
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Figure 5. Optical (SDSS) and GNIRS NIR spectra of
SDSS J103736.57+013905.11 (S/N∼23) shown with the DA white
dwarf model, and combined white dwarf+M8, white dwarf+M9
and white dwarf+L0 templates. The SDSS and UKIDSS photom-
etry is also shown. The residuals shown are for the fit to a WD
model alone (black squares), and the combined WD-M9 dwarf
template spectrum (green squares).
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Figure 6. Kepler K2 lightcurve of SDSS J103736.57+013905.11
which shows a variability of 0.41±0.02 per cent on a period of
0.25976±0.00003 days.
5.5 SDSS J154806.89+000639.4
SDSS J154806.89+000639.4 is an interesting system as the
NIR photometry is consistent with a very wide range of
spectral types (Figure 7). The K band photometry suggests
a spectral type significantly later than that of the Y , J and
H bands. This discrepancy may indicate this is a close sys-
tem with a significant reflection effect and that the Y JHK
band data were taken at different orbital phases. Indeed, the
UKIDSS Y and J data were taken 2005 May 08 at 13:12:48
and 13:27:25 respectively, while the H and K band data were
taken on 2008 Mar 10 at 15:48:35 and 16:01:47 respectively.
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Figure 7. OSIRIS spectrum of SDSS J154806.89+000639.4 shown
with the SDSS and UKIDSS photometry and the DA white dwarf
model combined with the template spectra of L dwarfs with spec-
tral types between L0 and L5. The residuals shown are for the fit
to a WD model alone (black squares), and the combined WD-L2
dwarf template spectrum (green squares).
The time difference between the H and K data is ≈13 minutes
and the difference between the Y and J data is ≈15 minutes.
If the spectral type of the secondary in this system is L2
as suggested by the JH band data, then the K band magni-
tude, as estimated using brown dwarf absolute magnitudes
from Dupuy & Liu (2012), should be ≈ 17.45 compared to
the measured value of 18.10. This would mean a decrease of
0.65 magnitudes in 15 minutes. SDSS J154806.89+000639.4
has an effective temperature of ≈17 000 K, 1500 K hot-
ter than the white dwarf in the WD0137−349AB system.
In WD0137−349AB the K band lightcurve changes by 0.08
mags in 15 minutes, producing a 0.3 mag difference over half
the 116 min orbit. Our predicted magnitude difference for
SDSS J154806.89+000639.4 is very large, but if real, suggests
that this system may be close, with a short orbital period, or
it may suggest that the system is eclipsing and the K band
data was taken during the ingress or egress of the eclipse.
5.6 SDSS074231.98+285727.3
Our fit to the optical spectrum of this object gave a temper-
ature of 31 000 K, however, the photometric fit from Girven
et al. (2011) predicted a 9 000 K temperature. The i and
z bands are consistent with an M4 or M5 while the Y JHK
bands are more indicative of the M5.5 or M6 template. A
similar situation was highlighted by Tremblay et al. (2011b)
where some objects in their survey had a mismatch between
the photometric derived temperature and spectroscopically
derived temperature, in some cases by as much as 70 per
cent. They determined that if the white dwarf is magnetic
or part of an unresolved double degenerate binary, it is pos-
sible to cause a systematic positive offset between the spec-
troscopic and photometric temperatures. It is also possible
that a significant reflection effect may be present from the
the M dwarf companion due to the high temperature white
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Figure 8. OSIRIS spectrum of SDSS074231.98+285727.3 with
the photometry and the combined spectra of the white dwarf
model and M5, M5.5 and M6 template spectra for comparison.
The data suggest that the companion is a mid-M dwarf with a
spectral type between M5-M6, although the photometry do not
fit one specific spectral type. The residuals shown are for the fit to
a WD model alone (black squares), and the combined WD-M5.5
dwarf template spectrum (green squares).
dwarf if it is part of a close binary, causing the discrepancy
in spectral type.
6 DISCUSSION
Our two main results are that we find that the contamination
of hot subdwarfs in the sample was ≈50 per cent, well above
the 15 per cent predicted by Girven et al. (2011), and that
the majority of our putative secondary stars are in fact M
dwarfs and not L dwarfs.
The first result - the high rate of contamination from
hot subdwarfs is directly linked to the lack of distance mea-
surements for the sample in Girven et al. (2011), and the
lack of spectra meaning that the gravity cannot be directly
measured.
The second of these two results is linked to the determi-
nation of the effective temperature by Girven et al. (2011).
In table 5, we compare the effective temperature and com-
panion spectral type to those from the literature. We find
that the literature values tend to underestimate the temper-
ature of the white dwarf by a factor of up to two. This is
not hugely surprising given that Girven et al. (2011) found
a similar result when they compared their photometrically
fit white dwarf effective temperatures and surface gravities
to the Palomar Green sample (Liebert et al. 2005) which
had an overlapping data set. They found that when using
the photometry to measure the white dwarf effective tem-
peratures they consistently underestimated the temperature
compared to the results from the PG survey. They deduced
that this underestimation of the temperature might be due
to reddening that has not been corrected for and errors in
their distance calculation. The values from Gaia DR2 (Gaia
Collaboration 2018) which were not available to Girven et al.
(2011) provide accurate distances, and allow hot subdwarfs
to be removed from the sample without the need for spec-
tra. Studies by Tremblay et al. (2011b) and Genest-Beaulieu
et al. (2015) compared parameters obtained from either pho-
tometric or spectroscopic fitting and found that the two
broadly match in log g. The authors also found that the
temperatures from the the photometric and spectroscopic
fits matched well, however they found a small but significant
temperature offset above Te f f 14 000 K where spectroscopic
determinations were systematically higher than those from
a photometric fit by ≈2%.
Despite determining the putative secondary in these
systems is more likely to be an M dwarf than was previously
predicted for our sample, all of the the newly-confirmed
white dwarfs appear to have photometry consistent with M
dwarf or L dwarf companions and so we find the method
of Girven et al. (2011) and Steele et al. (2011) is successful
in identifying candidate white dwarf-ultracool dwarf bina-
ries. Caution should be used when using solely photometric
methods as the effective temperatures are likely to be under-
estimated, leading to predictions of later spectral type com-
panions than are actually present. If parallaxes (e.g. from
Gaia, Gaia Collaboration 2018) are not used then there is
also likely to be a high contamination rate from hot subd-
warfs. Using distances from Gaia combined with SED fit-
ting will allow more accurate effective temperatures to be
derived, resulting in better estimates of the spectral type
of the secondary (e.g. the Gaia catalogue of Gentile Fusillo
et al. 2019).
We have identified six candidate white dwarf-L dwarf
binaries (three with NIR spectra). Specifically we found
one candidate binary, SDSS J090759.59+053638.13, that has
an approximate spectral companion type of L5-L7. The
lightcurve of this binary showed that it is unlikely to have
an eclipsing orbit <3hrs but additional data will reveal if it
is a close binary and a higher quality spectrum will reveal
more about the nature of the secondary.
We note that our systems have a total age of ≈1–
10 Gyrs. At this age, a 70 MJup object has spectral type later
than L2, using the DUSTY models of Baraffe et al. (2002),
therefore it is likely that some of these L dwarf companions
are genuine brown dwarfs.
Lightcurves of these WD-L dwarf binary systems should
reveal (via a reflection effect) if they are close binaries, and
therefore suitable for radial velocity follow up. One poten-
tially interesting result is that of our newly confirmed DA
white dwarfs, seven have masses of ∼0.4 M, lower than the
mean white dwarf mass of 0.6 M (Tremblay et al. 2019).
It is thought that in order to form a white dwarf with such
a low mass, a phase of close binary interaction while on the
red giant branch must have occurred (Marsh et al. 1995),
strengthening the case that these binaries may be close,
post-common envelope systems. These new binaries, if close,
will increase the number of known close, detached WD-L
dwarf systems, providing a wider variety of white dwarf ef-
fective temperatures and L dwarf spectral types to study
irradiated L dwarf atmospheres. A wider range of secondary
masses in these binaries will also allow tighter limits to be
put on the masses of objects that can survive the common
envelope phase of evolution.
MNRAS 000, 1–14 (2019)
10 Hogg et al.
Table 5. Comparison of literature temperatures and companion spectral types to our results. The temperature comparison is only
performed for the objects we obtained optical spectra for. The Phot/Spec column details whether our companion spectral type is based
on NIR spectra or photometry. The references are: 1: Girven et al. (2011), 2: Steele et al. (2011), 3: Eisenstein et al. (2006), 4: Kepler
et al. (2015), 5: Verbeek et al. (2014).
Name Teff(K) Teff (K) Companion Companion Phot/Spec Ref
FITSB2 Literature Literature
SDSS J010405.12+145906.4 18 257 ±1200 12 000 L0−L2 L5 Phot 1
SDSS J074231.98+285727.3 31 926 ±300 9 000 M5−M6 L6 Phot 1
SDSS J075132.16+200226.8 16 749 ±100 20 000 L3−L4 L5 Spec 1,4
SDSS J090759.59+053638.13 - - L5-L7 L4,L6 Spec 1, 2, 3,
SDSS J092534.99−014046.8 15 035 ±400 14 000 L1−L2 >L0 Phot 1
SDSS 095042.31+011506.56 - - L4 L8 Spec 1,3
SDSS 100300.08+093940.16 - - M8−L0 L0 Spec 1, 2, 3,
SDSS 103736.57+013905.11 - - M8−M9 M7,L5 Spec 1, 2, 3
SDSS J103844.58+110053.5 30 223 ±500 10 000 M5−M6 L4 Phot 1
SDSS J154806.89+000639.4 17 203 ±500 14 000 L0−L5 >L5−L6 Phot 1
UVEX J184610.80+022032.4 30 007 ±300 14 000 M5−M6 L2 Phot 5
UVEX J185941.43+013954.0 32 155 ±300 13 000 M5−M6 L7 Phot 5
2MASS J20265915+4116436 31 194 ±200 17 000 M5 L3 Phot 5
UVEX J204229.67+384058.0 33 718 ±200 16 000 M5−M6 L2 Phot 5
UGPS J210248.46+475058.6 17 553 ±400 8 000 M9−L1 L5 Phot 5
7 CONCLUSIONS
We have confirmed ten new white dwarfs, all of which have
likely M or L dwarf companions. We have also confirmed nine
new hot subdwarfs - the main source of contamination in the
sample. We also obtained NIR spectra for eight confirmed
white dwarfs with suspected companions and find five which
are consistent with having a cool companion. Photometry
suggests one system may be a close binary in a ∼ 6 hour
period, and another we have tentatively identified to have a
∼ 118 min period.
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APPENDIX A: BALMER LINE FITS
We present here the figures associated with the effective tem-
perature and log g fitting to the Balmer lines. In each figure
the data is shown with the black solid line and the model
with the red solid line. The dotted line shows features that
were removed from the fit.
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Figure A1. Balmer Line fit of SDSS J010405.12+145907.2. The
black solid line is the data and the model is shown with the red
solid line. The dotted line shows features that were removed from
the fit.
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Figure A2. Balmer Line fit of SDSS J074231.98+285727.3. The
black solid line is the data and the model is shown with the red
solid line. The dotted line shows features that were removed from
the fit.
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Figure A3. Balmer line fit of SDSS J092534.99−014046.8. The
black solid line is the data and the model is shown with the red
solid line. The dotted line shows features that were removed from
the fit.
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Figure A4. Balmer line fit of SDSS J103844.58+110053.5. The
black solid line is the data and the model is shown with the red
solid line.
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Figure A5. Balmer line fit of SDSS J154806.89+000639.4. The
black solid line is the data and the model is shown with the red
solid line. The dotted line shows features that were removed from
the fit.
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Figure A6. Balmer line fit of UVEX J184610.80+022032.4. The
black solid line is the data and the model is shown with the red
solid line. The dotted line shows features that were removed from
the fit.
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Figure A7. Balmer line fit of UVEX J185941.43+013954.0. The
black solid line is the data and the model is shown with the red
solid line. The dotted line shows features that were removed from
the fit.
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Figure A8. Balmer line fit of 2MASS J20265915+4116436. The
black solid line is the data and the model is shown with the red
solid line. The dotted line shows features that were removed from
the fit.
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Figure A9. Balmer line fit of UVEX J204229.67+384058.0. The
black solid line is the data and the model is shown with the red
solid line. The dotted line shows features that were removed from
the fit.
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Figure A10. Balmer line fit of UGPS J210248.46+475058.6. The
black solid line is the data and the model is shown with the red
solid line.
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Figure B1. OSIRIS spectrum of SDSS J010405.12+145907.2, the
combined white dwarf model and brown dwarf template spectra
of M8, L0, L2 and the optical and NIR photometry. The data
suggest a companion of spectral type between L0-L2
APPENDIX B: SED FITS
We present here the results of the SED and spectral template
fitting that were not in the main text of this paper. Each
figure includes residuals for the fit to a WD model alone
(black squares), and the best fitting combined WD-L or M
dwarf template spectrum (green squares).
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure B2. OSIRIS spectrum of SDSS J092534.99−014046.8
shown with the broadband photometry and the combined DA
white dwarf + L0, L1, and L2 brown dwarf template spectra for
comparison. The companion is likely to have a spectral type of
L1-L2.
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Figure B3. Optical (SDSS) and GNIRS NIR spectra of
SDSS100300.08+093940.16 (S/N∼5) shown with the DA white
dwarf model, and combined white dwarf+M8 and white
dwarf+L0 models. The SDSS and UKIDSS photometry is also
shown.
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Figure B4. OSIRIS spectrum of SDSS103844.58+110053.5
shown with the SDSS and UKIDSS photometry and the com-
bined white dwarf model an M5, M5.5 and M6 template spectra.
The likely spectral type of the companion is between M5-M6
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Figure B5. OSIRIS spectrum of UVEX184610.80+022032.4
shown with the optical and NIR photometry and the combined
white dwarf model and M dwarf template spectra. The suggested
spectral type of the companion is M5-M6.
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Figure B6. OSIRIS spectrum of UVEX185941.43+013954.0,
shown with SDSS and UKIDSS photometry, the white dwarf
model, and the white dwarf+M dwarf combined templates. The
photometry indicate the companion is likely to be a M5-M6 dwarf.
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Figure B7. OSIRIS spectrum of 2MASS20265915+4116436,
shown with SDSS and UKIDSS photometry, the white dwarf
model, and the white dwarf+brown dwarf combined templates.
The photometry indicate the companion is likely to be a M5
dwarf.
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Figure B8. OSIRIS spectrum of UVEXJ204229.67+384058.0 ,
shown with SDSS and UKIDSS photometry, the white dwarf
model, and the white dwarf+brown dwarf combined templates.
The photometry indicate the companion is likely to be a M5-M6
dwarf.
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Figure B9. OSIRIS spectrum of UGPS210248.46+475058.6,
shown with SDSS and UKIDSS photometry, the white dwarf
model, and the white dwarf+brown dwarf combined templates.
The photometry indicate the companion is likely to be M9-L0
dwarf.
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